The expression of the cyclin-dependent kinase inhibitor (CDKI) p27 protein was investigated in relation to (1) the expression of the cell cycle regulators p53, Rb and p16 and (2) the proliferation profile as determined by the expression of Ki67, cyclin A, and cyclin B1 in 80 cases of de novo diffuse large B-cell lymphomas (DLBCL). P27 expression was low/null in large tumor cells in 58/80 cases and intermediate/high in 22/80 cases. Increased expression of p53 protein was observed in 39/80 cases. Decreased expression of Rb and p16 proteins was mutually exclusive and was observed in 5/80 and 14/80 cases, respectively. The analysis of the p27 expression status (low/null versus intermediate/high) with respect to the p53 and/or Rb/p16 expression status showed that low/null p27 expression was significantly correlated with increased p53 expression (P ‫؍‬ .018) and showed a strong trend for correlation with concurrent increased p53 expression and decreased Rb or p16 expression (P ‫؍‬ .050). These findings suggest a tendency for concurrent alterations of the cell cycle regulators p27, p53, and Rb or p16 in DLBCL, which might result in impaired tumor growth control. Indeed, the analysis of the combined p27/p53/ Rb/p16 expression status with respect to the proliferation profile showed that (1) three alterations in the combined p27/p53/Rb/p16 status (i.e., low/null P27 expression, increased expression of p53, and decreased expression of Rb or p16) were significantly correlated with increased expression of cyclin B1 (P ‫؍‬ .005) and (2) two or three alterations were significantly correlated with increased expression of cyclin A (P ‫؍‬ .014). These findings suggest combined impairment of a complex cell-cycle control network involving the CDK inhibitor p27, the P53 pathway, and the Rb1 pathway, which exerts a cooperative effect resulting in enhanced tumor cell proliferation.
transition from G1 to S phase (6) . Central to this pathway is the regulation of phosphorylation of the Rb protein (pRb). Hypophosphorylated pRb binds and inactivates transcription factors, notably the E2F1, important for the transition from G1 to S phase. When pRb is phosphorylated the E2F1 transcription factor is released. Phosphorylation of pRb is stimulated by cyclinD-CDK4/6 complexes and inhibited by the p16 and other CDKIs including p27 (3, 6) . Recent evidence has linked the two pathways through the 9p21 locus in which reside two CDKI genes, the CDKN2A and CDKN2B genes (2, 3, 6) . The CDKN2A gene encodes p16 protein which is involved in the RB1 pathway whereas the p14/ARF protein binds to mdm2 and promotes mdm2 degradation thereby abrogating the mdm2-mediated degradation of p53 (3, 6) . A simplified overview of the aforementioned various cell cycle interactions is summarized in Figure 1 .
Diffuse Large B-cell Lymphomas (DLBCL) (7) represent the most common type of non-Hodgkin's lymphomas in Western countries (8) and are characterized by heterogeneous clinical, immunophenotypic and genetic features (7) (8) (9) . Reflecting their biological heterogeneity, alterations of several cell cycle regulators have been identified in DLBCL (10 -39) . Frequent alterations include p53 protein overexpression, sometimes associated with p53 gene mutations, mdm2 overexpression and p16 protein underexpression, mainly associated with CDKN2A gene deletion or hypermethylation while Rb protein reduced expression and Rb1 gene alterations appear to be infrequent (10 -14,17-24,28 -32) . There is increasing recent evidence that reduced expression of the CDK inhibitor p27 may have important pathogenetic implications in malignancies because of its association with histological aggressiveness and poor clinical outcome (4, 5, 15, 18, 25, 34) . Moreover, the importance of reduced p27 expression in neoplastic progression is underscored by the fact that p27 heterozygous and nullizygous mice are tumor prone when challenged with carcinogenic stimuli (40) . Furthermore, reduced p27 expression combined with alterations in the status of Rb or p53 may have cooperative effects resulting in uncontrolled tumor cell proliferation and aggressive malignancies in experimental mouse models and in humans (41, 42) . In normal cells p27 is expressed when cells are arrested in G0/G1 phases, the levels of this protein declining as the cells progress to S phase (4, 5) . In normal lymphoid tissue, p27 is expressed in non-proliferating lymphocytes, whereas proliferating lymphoid cells within germinal centers are often negative (16) . In lymphomas, when all histological types are taken into consideration, this relationship between p27 expression and proliferation is generally preserved, with an inverse expression of p27 and Ki67 proteins (15, 16, 18, 25, 34) . Aggressive lymphomas including DLBCL, Burkitt's lymphoma, and mantle cell lymphoma generally display low or null expression of p27 protein and high proliferative activity, suggesting that down-regulation of p27 may be involved in the impaired tumor growth control (15, 16, 18, 25, 34) . Nevertheless, cases of DLBCL and Burkitt's lymphoma with concurrent high p27 and Ki67 expression were also reported (16, 37) . This association was recently attributed to the existence of p27/ cyclinD3 complexes, which could lead to anomalous p27 stabilization, probably associated with its functional inactivation (26) .
The above data indicate complex implication of p27 in the regulation of the cell cycle in DLBCL. In order to gain further insight in the role of p27 in tumor growth regulation of DLBCL, we have investigated the expression of p27 in relation to (1) the expression status of the major cell cycle regulators p53, Rb, and p16 and (2) the proliferation profile as determined by the expression of Ki67, cyclin A, and cyclin B1 proteins. Moreover, we have also evaluated the impact of combined alterations in the p27/ p53/Rb/p16 expression status on the proliferation profile.
MATERIALS AND METHODS

Materials
Eighty cases of de novo diffuse large B-cell lymphomas (37 nodal and 43 extranodal) classified according to the REAL classification (6) were selected from the files of the Department of Pathology of the University of Ioannina on the basis that complete clinicopathological parameters were available. Reactive lymphoid tissues including lymph nodes and tonsils were used as control. 
Immunohistochemistry
Immunostainings were performed on formalinfixed, paraffin-embedded tissue sections by the labeled streptavidin avidin biotin (LSAB) method. A step of microwave pretreatment was used as described previously (43 1:20) , cyclin A (6E6, Novocastra, Newcastle upon Tyne, dilution 1:10), cyclin B1 (7A9, Novocastra, dilution 1:10), p16 (F-12, Santa Cruz Biotechnology, USA, dilution 1:100), and p27 (IB4, Novocastra, dilution 1:20) were applied. Positive control slides were included in all cases. They consisted of nodal and extranodal non-Hodgkin lymphomas from our previous studies (14, 31, 44) . Moreover, for Rb, p16, p27, cyclin A, cyclin B 1 and Ki67 internal positive control was required. For evaluation of immunostaining, a continuous score system was adopted by using the 40ϫ objective lens and counting at least 5 fields selected on the basis that they contained immunopositive cells. The number of immunopositive cells was divided by the total number of the counted cells, and the expression was defined as the percentage of positive cells in the total number of the counted cells. P53-increased expression was considered when the expression of this protein in tumor cells was higher than the maximum value of the expression in lymphoid cells in the reactive lymphoid tissues (7%). Rb-or p16-decreased expression (partial or total) was considered, as described previously (19) , when the tumor cells were negative and interspersed nuclei of reactive cells (small lymphocytes, endothelial cells) were positive and were used as internal positive controls. On that basis, positive p53 and negative Rb or p16 expression status was considered the increased P53 and the decreased Rb or p16 expression, respectively (Table 1) . Low/null p27 expression in large tumor cells in DLBCL was considered, as described previously (26), when the range of this expression was comparable to that observed in large lymphoid cells of the reactive lymphoid tissues (0 to 6%).
Statistical Analysis
Pearson's and Spearman's correlation coefficients were used for the assessment of correlation between continuous variables. The correlation between p27 and the p53 and/or Rb/p16 expression status was analyzed by chi-square test, and the strength of the association was further studied by the relative risk (RR) and the 95% confidence interval (CI; Table 2 ). The analysis of variance (ANOVA), the Student-Newman-Keuls procedure for post hoc multiple comparison tests, and the multiple analysis of variance (MANOVA) were used to correlate the combined p27/p53/Rb/p16 patterns with the expression of Ki67, cyclin A, and cyclin B1 ( Table 3) . The results were considered statistically significant when P Ͻ .05. The program SPSS for Windows, Release 8, was used for statistical analysis.
RESULTS
Expression of p27, p53, Rb, and p16 proteins and proliferation profile P27 expression in large tumor cells ranged from 0 to 34%. P27 expression was low/null (0 to 6%) in 58/80 cases and intermediate/high (6 to 34%) in 22/80 cases (Fig. 2) . P53, Rb, and p16 expression in large tumor cells ranged from 0 to 95%, 31 to 90%, and 37 to 94%, respectively. Increased expression of p53 protein was observed in 39/80 cases (Table 1) . Decreased expression of Rb and p16 proteins was mutually exclusive and was observed in 5/80 and 14/80 cases, respectively (Table 1) . Combined p53/ Rb/p16 altered expression status was observed in 13/80 cases (Table 1) . Ki67, cyclin A, and cyclin B1 expression (Figs. 3 and 4) was found in all cases (Table 3) . P27 did not show significant correlations with p53, Rb, p16, Ki67, cyclin A, or cyclin B1 when these expressions were compared as continuous variables using Pearson's and Spearman's correlation coefficients. However, when the expression status of p27 (low/null versus intermediate/high) was correlated with the p53 and/or Rb/p16 expression status (Table 2) , it was observed that low/null p27 expression was significantly correlated with p53ϩ pattern ( 2 ϭ 5.062, df ϭ 1, P ϭ .018) and showed a strong trend for correlation with combined alterations (p53ϩ/RbϪ/p16ϩ or p53ϩ/Rbϩ/ p16Ϫ patterns) ( 2 ϭ 3.732, df ϭ 1, P ϭ .050) but not with RbϪ/p16ϩ or Rbϩ/p16Ϫ patterns ( 2 ϭ 1.714, df ϭ 1, P ϭ .190). The risk of low/null p27 among observations with p53ϩ pattern was 1.4 times that of observations with p53Ϫ pattern (RR ϭ 1.387; 95% CI ϭ 1.049, 1.835; Table 2 ). The risk of low/null p27 among observations with RbϪ/p16ϩ or Rbϩ/p16Ϫ patterns was 1.2 times that of observations with Rbϩ/p16ϩ pattern (RR ϭ 1.222; 95% CI ϭ 0.945, 1.582; Table 2 ). The risk of low/null p27 among observations with combined alterations (p53ϩ/ RbϪ/p16ϩ or p53ϩ/Rbϩ/p16Ϫ patterns) was 1.3 times that of observations with absence of combined alterations (RR ϭ 1.344; 95% CI ϭ 1.073, 1.684) ( Table 2) .
Correlations of the Combined p27/p53/Rb/p16 Expression Status with the Proliferation Profile The combined p27/p53/Rb/p16 expression patterns were compared with respect to the expression of Ki67, cyclin A, and cyclin B1 (Table 3) . Four groups (0, 1, 2, and 3) were defined on the basis that low/null p27 expression, increased expression of p53, and decreased expression of Rb or p16 reflect altered cell cycle regulation (16 -18, 24, 29, 34, 42-46) : Group 0 was composed of simultaneous absence of low/null p27 expression, absence of increased p53 expression, and absence of decreased Rb or p16 expression (no alteration: 12 cases). Group 1 was composed of low/null p27 expression or increased p53 expression or decreased Rb or p16 expression (one alteration: 35 cases). Group 2 was composed of low/null p27 expression with increased p53 expression or of low/null p27 expression with decreased Rb or p16 expression or of increased p53 expression with decreased Rb or p16 expression (two alterations: 22 cases). Group 3 was composed of simultaneous detection of low/null p27 expression, increased p53 expression, and decreased Rb or p16 expression (three alterations: 11 cases). Using analysis of variance, the differences between the 4 groups were not significant with respect to Ki67 (F ϭ 1.971, df ϭ 3.76, P ϭ .125). With respect to cyclin A and cyclin B1 the differences were significant (F ϭ 3.755, df ϭ 3.76, P ϭ .014 and F ϭ 4.669, df ϭ 3, and P ϭ .005, respectively). These results were confirmed using the nonparametric Kruskal-Wallis test (Ki67: P ϭ .164; cyclin A: P ϭ .011 and cyclin B1: P ϭ .043). The StudentNewman-Keuls procedure confirmed that (1) for cyclin A, Group 0 has significantly lower mean value than Groups 2 and 3 (P Ͻ .05), which have similar mean values, whereas Group 1 occupies an intermediate position that is no significantly different from those of Group 0 or Groups 2 and 3 and that (2) for cyclin B1, Groups 0, 1, and 2 have similar mean values, which are significantly lower than the mean value of Group 3 (P Ͻ .05). Examining all 3 variables simultaneously, that is, forming a vector of dependent variables, multiple analysis of variance produced a Wilks' lambda of 0.746 with associated F value of 3.561 (df ϭ 9.180), which was also significant (P Ͻ .001).
DISCUSSION
There is increasing evidence that multiparameter immunohistochemical analysis of the complex mo- Group 0 is composed of simultaneous absence of low p27 expression, absence of increased p53 expression, and absence of decreased Rb or p16 expression (no alteration: 12 cases). The group 1 is composed of low/null p27 expression or of increased p53 expression or decreased Rb or p16 expression (one alteration: 35 cases). Group 2 is composed of low/null p27 expression with increased p53 expression or of low/null p27 expression with decreased Rb or p16 expression or of increased p53 expression with decreased Rb or p16 expression (two alterations: 22 cases). Group 3 is composed of simultaneous detection of low/null p27 expression, increased p53 expression, and decreased Rb or p16 expression (three alterations: 11 cases). lecular networks regulating the cell cycle in malignancies provides valuable information for the understanding of the impaired regulation of these networks and permits further insight into oncogenesis (11, 15, 17, 19, 23, 24, 26, 29, 34, 36) . This approach was adopted in the present study to analyze the expression of p27 in relation with components of the p53 and Rb1 growth control pathways and the status of proliferation in 80 cases of DLBCL.
In the present study, p27 expression did not show significant correlations with the proliferationrelated proteins Ki67, cyclin A, or cyclin B1. These findings are in keeping with previous results comparing only Ki67 and p27 expression in DLBCL (37) and indicate that in DLBCL, as a whole, the inverse relationship between proliferative activity and p27 expression found in normal lymphoid tissue (16) is lacking. This suggests that p27 down-regulation can represent a genuine aberration in DLBCL. The finding of the present study that about 70% of DLBCL show low/null p27 expression is in keeping with previous data that down-regulation of p27 expression is very frequent in aggressive lymphoid malignancies (i.e., DLBCL, Burkitt's lymphoma, and mantle cell lymphoma) (15, 16, 18, 34) . The reduced levels of p27 protein expression in DLBCL may result from multiple mechanisms. These include enhanced ubiquitin proteasome-mediated protein degradation, which was reported to be the commonest mechanism of reduced p27 expression, reduced mRNA expression or decreased protein translation whereas somatic point mutations or homozygous deletions are very rare (reviewed in 4 and 5). Reduced p27 expression was recently attributed to increased proteasome-mediated protein degradation in mantle cell lymphomas (15) , but further studies are needed to clarify if this mechanism also accounts for p27 underexpression in DLBCL. Reduced p27 expression may have important pathogenetic implications in tumor progression because of its association with high-grade epithelial and lymphoid malignancies (4, 5, 15, 18, 25, 34) . Moreover, there is accumulating evidence that concurrent alterations of the status of p27, Rb, and p53 may have cooperative effects resulting in uncontrolled tumor cell proliferation and aggressive malignancies. Indeed, (1) experimental evidence showed that Rb(ϩ/Ϫ)/P27(Ϫ/Ϫ) mice developed pituitary adenocarcinoma with loss of the remaining allele of Rb and a high-grade thyroid C-cell carcinoma that was more aggressive than the disease in either Rb(Ϯ) or P27(Ϫ/Ϫ) mice (41), (2) decreased expression of p27 and overexpression of p53 protein, alone or combined, were predictors of metastatic potential in early invasive colorectal cancer (42), (3) altered p16/INKA4, Rb, and p53 protein status in non-small cell lung carcinomas exert synergistic effect in proliferative activity (45, 46) , and (4) concurrent disruption of p16/INKA4 and ARF-p53 pathways was an independent negative prognostic factor in DLBCL, whereas selective disruption of either p16/INKA4 or ARF-p53 pathway did not significantly influence the clinical outcome in that series (32) . Because of these aforementioned cooperative effects, we have analyzed (1) the relationship of p27 with the p53 and Rb/p16 expression status and (2) the combined p27/p53/ Rb/p16 expression status with respect to the proliferation profile in DLBCL. It was revealed that low/ null p27 expression was significantly correlated with increased p53 expression (P ϭ .018) and showed a strong trend for correlation with concurrent increased p53 expression and decreased Rb or p16 expression (P ϭ .050). This suggests a tendency for concurrent alteration of the cell cycle regulators p27, p53, and Rb or p16 in DLBCL. These findings are in keeping with previous immunohistochemical and/or molecular data that concurrent aberrations of p53 and Rb1 pathways are frequent in DLBCL, being reported in about 20 to 40% of these tumors (13, 24, 29, 32) . The concurrent disruption of growth control pathways may have implications in the cell cycle by abrogating the compensatory network that was proposed to exist between p53 and Rb1 pathways. According to this proposed model, loss of functional Rb results in deregulation of the E2F1, which in turn causes stabilization of p53, probably by activating the transcription of ARF (32, (47) (48) (49) . Thus, if both pathways are disrupted and p27 is underexpressed, the control of cell proliferation might be profoundly impaired. Indeed, the analysis of the combined p27/p53/Rb/p16 expression status with respect to the proliferation profile showed that 1) three alterations in the combined p27/p53/Rb/p16 status [i.e., 1) low/null P27 expression, 2) increased expression of p53, and 3) decreased expression of Rb or p16] were significantly correlated with increased expression of cyclin B1 (P ϭ .005); and that 2) two or three alterations were significantly correlated with increased expression of cyclin A (P ϭ .014). The above findings, taken together, suggest combined impairment of a complex cell-cycle control network involving the CDK inhibitor p27, the P53 pathway, and the Rb1 pathway, which exerts a cooperative effect resulting in enhanced tumor cell proliferation. To explain the cooperative effects of the impaired p27/p53/Rb/p16 status, the following putative pathogenetic pathways could be suggested: if downregulation of p27 expression occurs, this may permit sequential phosphorylation (inactivation) of pRb by the cyclin D/CDK4,6 and cyclinE/CDK2 complexes, resulting in release of E2F1 from pRb to activate S-phase entry (1, 2, 6) . Moreover, underexpression of p27 may not disrupt the association between cyclinE/CDK2 and p107/DP1/E2F1 complexes, the formation of which results in transcriptional activation of cyclin A (50) . If simultaneous impairment of the p53 pathway also occurs, the ability of p53 to inhibit cyclin/CDK complexes through p21 is deregulated (3) . One of the consequences of this impairment is activation of cyclin E/CDK2 complexes, which cause phosphorylation and consequent down-regulation of p27 (51) . These events might establish a network linking down-regulation of p27 with impairment in the p53 and Rb1 pathways.
In conclusion, the main finding of the present study was that the simultaneous occurrence of low/ null P27 expression, increased p53 expression, and decreased Rb or p16 expression status is strongly associated with increased expression of cyclin A and cyclin B1. This suggests combined impairment of a complex cell-cycle control network involving the p27, the P53 pathway, and the Rb1 pathway, which exerts a cooperative effect resulting in enhanced tumor cell proliferation. It could be, therefore, hypothesized that the concurrent alteration of p27/p53/Rb/p16 status may be an important promoting factor of increased tumor cell proliferation in de novo DLBCL.
